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ABSTRACT 

In our study we identify dominant hydroclimatic variables and large-scale patterns that lead 

to high streamflow events in the Santa Cruz, Salt, and Verde River in Arizona for the period 

1979-2009 using Principal Component Analysis (PCA).  We used winter (Nov – March) data 

from the USGS daily streamflow database and 11 variables from the North American 

Reanalysis (NARR) database, in addition to weather maps from the Hydrometeorological 

Prediction Center (HPC).  Using streamflow data, we identify precipitation events that led to 

the highest 98th percentile of daily streamflow events and find dominant hydroclimatic 

variables associated with these events. We find that upper level winds and moisture fluxes 

are dominant variables that characterize events. The dominant mode for all three basins is 

associated with frontal systems, while the second mode is associated with cut-off upper 

level low pressure systems. Our goal is to provide forecasting agencies with tools to 

improve flood forecasting practices.   
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INTRODUCTION 

 
Flooding in the United States 

has led to several multi-billion 

dollar disasters (Pielke et al. 

2002).  From the 1972 flood in the 

Northeastern part of the country 

that caused almost $11 billion in damages, to the 1993 Mississippi River flood that resulted 

in an estimated $18.1 billion in damages (1996 dollars), flooding is one of the most 

expensive disasters that occurs in the country (Chagnon, 1996a; Pielke et al., 2002).  The 

ability to provide sufficient advanced warning of flood occurrence is important in reducing 

potentially disastrous effects of floods (Ward, 1978).  Early flood forecasting, dating back to 

1871 (Ward, 1978), was solely based on observations by the public.  The National Weather 

Service (NWS) currently predicts flooding conditions in a series of ways that incorporate 

numerical weather and hydrologic model data and real-time weather radar data.   Using 

model data, the forecaster is able to see the weather pattern prediction and how it may 

impact the region many days in advance. Using the current Weather Surveillance Radar 

(WSR-88D) network throughout the country, the forecaster is able to obtain real-time 

rainfall data at the spatial scale of County Warning Areas (CWAs).  This capability is 

improving with the incorporation of Dual Polarization (dual-pol) radar, which provides 

Figure 1 shows the flood damage costs from 1934 to 2000. 
(Pielke et al. 2002) 
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better characterization of hydrometeors by accounting for both the horizontal and vertical 

pulses of microwave radiation.  Radar products relevant for flash flood forecasting are the 

instantaneous precipitation rate and the accumulated precipitation over specified time 

periods.   Radar derived precipitation can then be used to drive land surface hydrology 

models to aid in flood forecasting, such as the Flash Flood Monitoring and Prediction 

(FFMP) model. FFMP is based on precipitation characteristics, including the precipitation 

rate, over the entire area of interest.  Each basin within the CWA is prescribed a threshold 

value for the estimated precipitation rates that could lead to flooding.   When the value is 

reached within a given basin, the forecaster is automatically alerted.   The NWS Weather 

Forecast Offices (WFO) and NWS River Forecast Centers (RFC) also incorporate the WSR-

88D and the upgraded dual-pol radars into their own hydrologic models to provide flood 

guidance and long term hydrologic forecasts for individual river basins.  To run a hydrologic 

model simulation, three stages of data processing are completed (Hudlow, 1988; Fulton, 

1997).  In the first stage, precipitation data from the radar is processed.  These data include 

one-hour, three-hour and storm total precipitation.  Hourly Digital Precipitation (HDP) and 

Supplemental Precipitation Data (SPD) is compiled from the radar and sent to the RFC to be 

used as input to the hydrologic model.  In the second stage, gage-only rainfall analysis fields, 

mean field bias adjusted HDP, and radar-gage rainfall analysis on the mean field-bias 

adjusted HDP are entered into the system (Seo, 1997a; 1997; 1997b).  At the WFO, the stage 

2 products aid in the area-wide and the site specific Flash Flood Prediction Systems (FFPS) 

in the Weather Forecast Office Hydrologic Forecast System (WHFS). In the third stage, stage 

2 products from the local WFOs are compiled to create a mosaic, regional precipitation 

analysis (Roe, 1997). This last stage is performed at the RFC. The resulting product is then 

quality controlled by Hydrometeorological Analysis and Support (HAS) forecasters and 
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used for river stage forecasting (Seo et al., 1998).  An example of a typical model 

configuration for forecasting a watershed response to rainfall is given in Figure 2 from 

California Nevada RFC (CNRFC).  From Figure 2, the key components potentially influenced 

by this study include the precipitation forecasting by a WFO forecaster and the forecast 

guidance by a WFO or RFC hydrologist.  Having better forecasts and guidance would lead to 

more accurate predictions related to flooding.  This current system relies heavily on radar 

data. Prior to the WSR-88D, the flood forecasting was based on data from older radars that 

provided only reflectivity with very few of the derived products that are available today. 

Public reports are still a reliable source of information and are used by NWS forecasters as 

well.   The upgrade to dual-pol radar systems will increase the confidence and lead time in 

flood forecasting related products.  

Based on the techniques that are currently used in the NWS, there are several areas of 

improvement that could be introduced to help the forecaster predict floods at the medium 

range. Besides just precipitation, temperature and streamflow, additional 

hydroclimatological variables could also 

be incorporated into a forecast 

methodology. In our study we examine 

high flow events for the Santa Cruz, Salt 

and Verde River Basins in Arizona for 

the period 1979 to 2009, and the 

corresponding hydroclimatological 

variables and large-scale atmospheric 

patterns associated with these events.  

Figure 2 shows the typical National Weather Service River 
Forecast System (NWSRFS) configuration (Image from Flood 
Forecasting (CNRFC)). 

http://www.nws.noaa.gov/oh/hrl/nwsrfs/users_manual/part1/_pdf/111overview.pdf
http://www.nws.noaa.gov/oh/hrl/nwsrfs/users_manual/part1/_pdf/111overview.pdf
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Our goal is to identify the dominant variables that led to flooding events and provide 

additional information to the WFO’s to aid in forecasting of flood conditions.  

The idea of identifying the causes of flooding and the meteorological conditions associated 

with them has been the focus of many studies in the past.  In the earlier days of forecasting, 

the potential for hazardous weather was evaluated by air mass characteristics (Baur, 1951; 

Elliott, 1951).  By identification of high flow events in weather observations, favorable 

synoptic-scale meteorological conditions at the surface and upper levels (e.g. 500-mb level) 

were found (Maddox et al., 1979, 1980; Hirschboeck 1987; Junker et al., 1999).  Storms 

could be subjectively grouped in the framework of a climatologically-based analysis to 

examine the physical processes that contributed to flood events, such as the moisture 

transport and antecedent land surface conditions. (Hirschboeck., 1991; Doswell et al., 

1996). From the analysis of past floods and past precipitation data, global classifications of 

flood climates were created to find the times when areas would be most susceptible to 

flooding (Hayden, 1988; Brooks et al., 2000).  Statistical methods have been used to relate 

upper-air data to surface temperature and precipitation fields (Christensen and Bryson, 

1966; Kidson, 1975; Barry et al., 1981; Wallace and Gutzler, 1981; Horel, 1981; Richman, 

1981). In the western United States, the cool season (Nov- March) is dominated by synoptic-

scale mid-latitude cyclones, which are generally much more predictable than 

thunderstorms during the warm season. Because of their spatial extent, winter storms tend 

to produce moderate to heavy rainfalls over large areas (e.g. the size of an entire state) 

(Hirschboeck et al., 2000).  The synoptic weather patterns associated with cool season mid-

latitude cyclones and flooding conditions can be readily identified by NWS forecasters well 

in advance from operational medium range numerical weather prediction models (Maddox 
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et al., 1980; Hirschboeck 1987).  For the Southwest, these conditions include anomalous and 

persistent mid-level atmospheric wave patterns, slow moving features such as blocking 

cyclones and/ or cutoff low pressure systems, or nearly stationary frontal systems 

(Hirschboeck 1987, Hirschboeck et al., 2000).  The main factors for medium range flood 

forecasting are the pressure regimes and frontal characteristics (Maddox et al., 1979).  Use 

of upper level and surface meteorological charts similar to those shown in Figure 3 is 

currently part of are the standard methodology for operational forecasting of cool season 

flood events (images from Hansen et al., 1982).  Considering the synoptic conditions 

necessary for cool season flooding in Arizona as shown Figure 3, many features may be 

simultaneously present, as indicated in the rare event on September 4-6, 1970.  These 

include a deep upper air trough, a cutoff low pressure system, a surface cold front, and/or a 

tropical storm off the Baja Coast (Hirschboeck et al., 2000).  The persistence of these factors 

is also of crucial importance for flood prediction.  The recent availability of atmospheric 

reanalysis products (such as NCEP/DOE Reanalysis II (Kanamitsu et al. 2002) or North 

American Regional Reanalysis (Mesinger et al. 2006)) permits the simultaneous analysis of 

many different 

hydrometeorologic 

variables.  

These prior 

mentioned studies 

have focused on the 

synoptic-scale 

conditions to 

Figure 3 shows the synoptic features that led to flooding in Southern Arizona (Image 
from Hansen et al., 1982). 
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determine the probability of flooding.  In this study these large-scale properties are also 

considered, along with smaller-scale hydroclimatic features for a region.  The goal of this 

work is to develop a methodological approach for the identification of modes of variability 

in these predictors to identify the meteorological and hydrological prerequisites for cool 

season flooding conditions in the state of Arizona. Eleven different hydroclimatic variables 

are examined that could be potentially important for cool season flood prediction.  The 

principal ones are: winds at the surface and aloft, soil moisture, precipitable water, 

humidity, vapor fluxes. The dominant modes of variability in these predictors are calculated 

using principal component analysis (PCA).  This method is targeted to high flow events by 

analyzing only the dates of the precipitation events that led to the top 2% of high daily 

streamflow values from the three basins mentioned above.  PCA has been used extensively 

over the years as a method to identify dominant modes of climate variability (Christensen 

and Bryson, 1966; Kidson, 1975; Wallace and Gutzler, 1981; Horel, 1981; Richman, 1981).  

From the analysis in this work, an event-based principal component time series can be 

derived that can be used to quantitatively assess the dominant synoptic-scale 

meteorological forcing patterns associated with cool season flooding. The goals of this study 

are to: 1) Identify the key local-scale and large-scale hydroclimatic features that lead to 

flooding within select watersheds in Arizona. 2) Develop an improved methodological 

approach for cool season flood forecasting that can be readily applied within local NWS 

forecast offices. 
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DATA AND METHODS 

The period of study is 1979 to 2009 (31 years), due to the availability of data from the 

North American Regional Reanalysis (NARR) (Mesinger et al. 2006).  The cool season 

months of November through March are considered, corresponding to the approximate 

time that mid-latitude cyclones most strongly influence the annual precipitation in Arizona. 

The analysis is performed on the Santa Cruz, Salt and Verde river basins, which are located 

throughout Arizona and are generally representative of the variations in physiogeography 

within the state (Figure 4).   

Only the top 2% (98th percentile) of the daily streamflow data is used for the three 

basins of study from the United States Geological Surveys’ mean daily streamflow database.  

The specific gauge data are from: 1) the Nogales, AZ site on the Santa Cruz River (USGS 

gauge number 09480500), 2) the gauge near Roosevelt, AZ for the Salt River (USGS gauge 

number 09498500) and 3) the gauge 

below Tangle Creek and above Bartlett 

Dam for the Verde River (USGS gauge 

number 09508500).  The gauge at 

Nogales, AZ is used because it is the 

only gauge along the Santa Cruz River 

to have a full record of mean daily 

streamflow values for the study 

period. After looking at the partial 

records for other gauges along the 
Figure 4 shows the basins of study. 
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Santa Cruz River, (Continental USGS #9482000 and Cortero USGS #9486500) similar dates 

were identified as high flow days. The gauges for the Salt and the Verde River also have full 

daily streamflow records, and were also chosen above major reservoirs to try to eliminate 

any influence from large dams. 

The top 2%, or top 94 days of streamflow data were analyzed.   The dates of the 

precipitation events that led to these high streamflow days were then selected (See Figure 

5). The precipitation data were obtained from the NARR dataset and reflect the actual gauge 

observations (Mesinger et al. 2006). A precipitation event day was recorded if the basin 

average value for precipitation was over 3 mm/day. Although this threshold of 3 mm/day 

appears to be a low value, this allows for a larger sample size. Consecutive days of high 

precipitation that led to flooding were included in the analysis to account for the passage of 

the entire storm. This analysis yielded 63 days of high precipitation on the Santa Cruz River, 

94 days on the Salt River and 101 days for the Verde River out of 4689 possible days (See 

Appendix I for a list of specific dates for each basin).  

 

Figure 5 shows the rainfall versus streamflow as an example for January 1979. 

 The hydroclimatic data from NARR (Mesinger et al. 2006) data, which has a spatial 

resolution of 32km and a temporal resolution of 3 hours, were then compiled based on 
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these precipitation days.  The eleven hydroclimatological variables that are hypothesized to 

strongly influence streamflow variability are presented in Table 1. 

Variable Units 

Zonal Winds at 500-mb (m/s) 

Meridional Winds at 500-mb (m/s) 

Soil Moisture from 0 to 200cm below the 
Surface 

(kg/m^2) 

Relative Humidity 2 meters above the ground (%) 

Pressure 2 meters above the ground (Pa) 

Zonal Wind at 10 meters above ground (m/s) 

Meridional Wind at 10 meters above ground (m/s) 
Precipitable Water (columnar total)  (kg/m^2) 

Water Vapor Convergence (columnar total) (kg/m^2) 

Zonal Water Vapor Flux (kg/m) 

Meridional Water Vapor Flux (kg/m) 
Table 1 shows the selected weather variables and units for our study. 

These variables were selected by consulting National Weather Service forecasters and by 

analyzing the general forcing and precipitation mechanisms of wintertime precipitation 

across the state of Arizona.   The method of moisture transport is a key component when 

considering the forcing mechanisms for flooding.  By selecting these variables, we have 

included upper and low level winds which help to push the moisture and included pressure 

which would be a stability factor.  Precipitable water vapor content, which essentially is the 

moisture, flux, which follows the upper levels winds, and water vapor convergence which 

would also be a stability factor also are important variables.  Soil moisture was included to 

identify antecedent moisture present in the soil and relative humidity also as a moisture 

identifier at the surface.  Including all of these variables will allow for the tracking of the 

event as it enters the study area. 

The hydroclimatological data were first normalized so that the variables can be compared 

to one another. Then all variables were area-averaged over each of the watersheds. For 
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example, the Santa Cruz Basin covers parts of 30 grid points; an area-averaged value was 

calculated to give a single value for the entire basin for each of the selected days per 

variable.  The three-hourly data were then averaged to the daily timescale.  This step was 

completed for each of the three basins for each of the days determined as extreme.  From 

this data analysis, a single matrix was created with the dimensions of the number of days 

selected (mentioned above for each basin) by 11 (variables).  Rather than using the time-by- 

space method for a Principal Component Analysis (PCA) as discussed in Wallace and Gutzler 

(1981), a time (or event) by variable method for a single basin was used.  Singular value 

decomposition (SVD) was used to perform PCA analysis. To illustrate the procedure for the 

Santa Cruz basin, a matrix is considered that has dimensions of 63 (high flow days) by 11 

(variables).  The SVD process requires a rectangular matrix and finds the principle 

components, the eigenvalues and the eigenvectors of the matrix.   The main equation for the 

equation for the SVD is given below. 

   (     )    (     )     (     )      (     )   (1) 

The V matrix contains the eigenvectors for the analysis while the U matrix has the principal 

components (PC) and the sigma matrix contains singular values of A.  Further explanation of 

the SVD is shown by Eric Weisstein (Weisstein; 2012). The U and V matrices are obtained by 

UTU and V TV which are both orthonormal, and the sigma matrix is a diagonal matrix. The V 

matrix (eigenvectors) are plotted to show which of the variables are dominant in causing 

high flow.  Then from the PC charts (plots of the U variable) a composite of the days that are 

above one standard deviation is plotted to show the conditions that are characteristic of 

that particular mode.  Regression analysis of the PC time series onto the fields of each of the 

variables was performed. In a similar way to the composite analysis, the regression analysis 



                                                                                                                                       19                                                                                                          
 

permits the visualization of the spatial patterns and features representative of the dominant 

modes.  The PC time series is used to identify the days where each dominant mode is 

particularly strong. From weather maps obtained from NCEP HPC, each of these 

representative days are then analyzed to visualize the large-scale weather patterns that are 

characteristic of the dominant modes. 
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RESULTS 

The results are presented for each watershed individually. For each watershed the results 

are presented for the selection of the dates that led to extreme streamflow conditions in the 

basin. The characteristics of all extreme streamflow events are defined with respect to the 

cool season climatology. Finally we present the PCA analysis to classify the extreme events 

into dominant modes. 
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Santa Cruz River Basin 

Characterization of extreme streamflow events: Santa Cruz River Basin 

Extreme streamflow events in the Santa Cruz River Basin are characterized by antecedent 

surface low pressure throughout the region, particularly over the northwestern part of the 

study area (Figure 6a). These events are also characterized by high precipitable water 

(kg/m^2),   up to 9kg/m^2 above the climatological mean, with higher values in the 

southwest of the domain (Figure 6b), a key factor in the formation of extreme streamflow 

events. 500-mb winds for the entire cool season are from the west, indicating the 

dominance of the westerlies during this period (Figure 7a) and the flux is from the WSW by 

mainly following the 500-mb winds (Figure 7b).  500-mb winds for the extreme 63 events 

are from the west southwest and the vertically integrated water vapor flux is southwesterly 

(Figure 7c and d) with a more intense northerly component than the mean winds for the 

region (Figure 7e). The flux remains about the same with changes coming from the amount 

being imported into the region (Figure 7f). 
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a  b  

Figure 6 Mean of the 94 events for the Santa Cruz River Basin minus the mean of the entire sample for a) 
Surface Pressure (Pa) and b) Precipitable water (kg/m^2). 

 

a  

 

b  
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c  d  

e  f  

Figure 7 Mean of entire Cool Season (Nov-March) for Santa Cruz River Basin a) 500-mb winds (m/s) and 
b) Water Vapor Flux (kg/m). Mean of the 63 events for the Santa Cruz River Basin c) 500-mb winds (m/s) 
and d) Water Vapor Flux (kg/m). Mean of the 63 events for the Santa Cruz River Basin minus the mean of 
the entire sample for e) 500-mb winds (m/s) and f) Water Vapor Flux (kg/m). 

 

Characterization of Mode 1 of extreme streamflow events Santa Cruz River Basin 

The first mode of extreme streamflow events for the Santa Cruz River Basin 

accounts for 36.1 percent of the variability for the data of extreme days. This mode is 

characterized by west southwesterly 500-mb winds and water vapor flux that has a much 

stronger zonal component than the other extreme events (Figures 9a and 9b).  During the 
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events from the composite (Figure 9b) we can see the moisture flux is essentially coming 

directly from the west off of the Pacific Ocean, through Southern California and across the 

Southwest Deserts of Arizona. For this mode, both the precipitable water and the water 

vapor convergence are not as high as for the other extreme events (not shown) as 

illustrated by the eigenvector analysis (Figure 8a). 

The first mode is a typical surface frontal storm associated with a low pressure 

system (Figure 10). These frontal storms usually have upper level winds in a slight trough 

pattern likely leading to more zonal winds than for other extreme events, as illustrated by 

the composites (Compare Figure 9a and b with Figure 7a). Frontal systems in the southwest 

usually come from the Pacific Ocean and move in a SE to ESE pattern down the California 

coast and into AZ from the NW or WNW.  Figure 10 shows the Weather Map for November 

7, 2000, a day where Mode 1 is particularly strong. In the southwestern part of the country 

there is a low pressure system over southwest New Mexico with associated stationary 

fronts.  In the vicinity of the stationary fronts, increased instability is contributing to the 

increased amount of precipitation.  As the movement of the stationary front was very slow, 

there is increased precipitation for an extended amount of time. The upper level low 

pressure system also supports increased precipitation over the Santa Cruz basin.   

a  b  

Figure 8a) Eigenvector of the First Mode for Santa Cruz River basin b) Principal component timeseries 
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a  b  

Figure 9 Composite of the days where PC1 is above 1 standard deviation for a) 500-mb winds (m/s) and 
b) water vapor flux (kg/m).  
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Figure 10 Weather map for 7 November 2000, a day that shows the characteristic pattern of Mode 1. 

Characterization of Mode 2 of extreme streamflow events Santa Cruz River Basin 

The second mode of extreme streamflow events for the Santa Cruz River Basin accounts for 

29.4 percent of the variability for the data of extreme days. This mode is characterized by 

south to south southwesterly 500-mb winds and south to south southeasterly water vapor 

flux, with a much weaker zonal component than the other extremes (Compare Figures 12a 
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and b, with Figure 7b) and a much stronger meridional component. The zonal component of 

500-mb winds and water vapor flux is clearly less strong than for the other extreme event 

cases (Figures 7e). For this mode, the pressure over the region is higher than for the other 

extreme events (not shown). 

The main distinguishable feature is the presence of a developing or already present 

cut-off low pressure system at 500-mb (Figure 13).  Although this is the main feature, it is 

often combined with a surface low pressure, which in turn leads to increased precipitation 

in the region. The eigenvector analysis shows a slowing of the 500-mb winds that allow the 

cut-off low to develop and remain over the region for an extended period of time, enhancing 

rainfall.  The upper-level winds and moisture fluxes are characteristic of a cut-off low 

impacting the region.  This can be identified by the strong shift of upper level winds, along 

with the change of the water vapor source region due to the strong meridional flux.   

 

a  

 

b  

Figure 11 a) Eigenvector of the Second Mode for Santa Cruz River basin. b) Principal component time 
series. 
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a  

 

b  

Figure 12 Composite of the days where PC2 is above 1 standard deviation for a) 500-mb winds (m/s) and 
b) water vapor flux (kg/m).  
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Figure 13 Weather map for 9 December 1982, a day that clearly shows the characteristic pattern of Mode 
2. 
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Salt River Basin 

Characterization of extreme streamflow events: Salt River Basin 

Extreme streamflow events in the Salt River Basin are also characterized by antecedent low 

pressure throughout the region, particularly over the northwest (Figure 14a), as was the 

Santa Cruz Basin. Salt River events are also characterized by high precipitable water, with 

higher values in the southwest of the domain (Figure 14b). The mean of the entire period 

(Figure 15a and b) continues to show the dominance of the westerlies in the cool season 

along with a similar flux pattern as in the Santa Cruz. The 500-mb winds and vertically 

integrated water vapor flux for the extreme 94 events are clearly southwesterly (Figure 15c 

and d) with a more intense north and east component than the mean winds for the region 

(Figure 15e and f).  There are strong similarities between this basin and the Santa Cruz 

River Basin. 

 

a  

 

b  

Figure 14 Mean of the 94 events for the Salt River Basin minus the mean of the entire sample for a) 
Surface Pressure (Pa) and b) Precipitable water (kg/m^2). 
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a  b  

c  d  

e  f  

Figure 15 Mean of entire Cool Season (Nov-March) for Salt River Basin a) 500-mb winds (m/s) and b) 
Water Vapor Flux (kg/m). Mean of the 94 events for the Salt River Basin c) 500-mb winds (m/s) and d) 
Water Vapor Flux (kg/m). Mean of the 94 events for the Salt River Basin minus the mean of the entire 
sample for e) 500-mb winds (m/s) and f) Water Vapor Flux (kg/m). 

 

Characterization of Mode 1 of extreme streamflow events Salt River Basin 

The first mode of extreme streamflow events for the Salt River Basin accounts for 34.6 

percent of the variability for the data of extreme days. This mode is characterized by 

westerly to southwesterly 500-mb winds and water vapor flux that has a much stronger 
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zonal component than the other extreme events (Figures 17a and b). For this mode, both 

the precipitable water and the water vapor convergence are not as high as for the other 

extreme events (not shown). 

The first mode is a typical surface frontal storm associated with a low pressure 

system.  The frontal systems usually have some upper air support with a trough pattern in 

place (Figure 18).  The surface and upper level low and trough allows for instability which 

in turn leads to precipitation.    Figure 18 shows a strong frontal system that moved across 

the country and brought heavy precipitation, especially to Arizona.  This, coupled with 

upper air support and a frontal system, allowed for a high flow event to take place on the 

Salt River. 

 

a  

 

b  

Figure 16 a) Eigenvector of the First Mode for Salt River basin. b) Principal component timeseries 
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a  b  

Figure 17 Composite of the days where PC1 is above 1 standard deviation for a) 500-mb winds (m/s) and 
b) water vapor flux (kg/m).  
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Figure 18 Weather map for 12 March 1995, a day that shows the characteristic pattern of Mode 1 which 
is the presence of surface frontal systems. 

Characterization of Mode 2 of extreme streamflow events Salt River Basin 

The second mode of extreme streamflow events for the Salt River Basin accounts for 24.9 

percent of the variability for the data of extreme days. This mode is characterized by 

southwesterly 500-mb winds and water vapor flux, with a weaker zonal component than 

the other extremes (Figures 20a and 20b). For this mode, the pressure over the region is 

higher than for the other extreme events (not shown). This mode is associated with upper 

level features that are similar to the Santa Cruz analysis.  The main distinguishable feature 

is the presence of cut-off low pressure systems and low pressure systems at 500-mb (Figure 

21).  The zonal winds become weaker; this is due to the cut-off low pressure system acting 

as a blocking mechanism that causes the winds to add more of a meridional component 

rather than the strong zonal component present in the mean wind fields.  This cut-off low 

pressure feature is well known for causing flooding conditions all around the state, and has 

been indicated by both analyses so far. 

a  b   

Figure 19 a) Eigenvector of the Second Mode for Salt River basin. b) Principal component timeseries 
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a  b  

Figure 20 Composite of the days where PC2 is above 1 standard deviation for a) 500-mb winds (m/s) and 
b) water vapor flux (kg/m).  

 

Figure 21 Weather map for 18 February 2005, a day that shows the characteristic pattern of Mode 2 
which is the presence of the cut-off low. 
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Verde River Basin 

Characterization of extreme streamflow events: Verde River Basin 

Extreme streamflow events in the Verde River Basin are characterized by antecedent low 

pressure throughout the region, particularly over the northwest (Figure 22a). These events 

are also characterized by high precipitable water, with higher values in the southwest of the 

domain (Figure 22b) likely due to location with respect to the source region of moisture. 

Mean 500-mb winds for the entire period continue to show the dominance of the westerlies 

and the flux follows the same pattern as the other two basins (Figure 23a and b). 500-mb 

winds and vertically integrated water vapor flux for the extreme 101 identified events are 

clearly south southwesterly to southwesterly (Figure 23c and d) as they were with the 

other two basins for the identified days, along with a stronger northerly component than 

the mean winds for the region (Figure 23e and f). 

a   b  

Figure 22 Mean of the 101 events for the Verde River Basin minus the mean of the entire sample for a) 
Surface Pressure (Pa) and b) Precipitable water (kg/m^2). 
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a  b  

c  d  

e  f  
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Figure 23 Mean of entire Cool Season (Nov-March) for Verde River Basin a) 500-mb winds (m/s) and b) 
Water Vapor Flux (kg/m). Mean of the 101 events for the Verde River Basin c) 500-mb winds (m/s) and 
d) Water Vapor Flux (kg/m). Mean of the 101 events for the Verde River Basin minus the mean of the 
entire sample for e) 500-mb winds (m/s) and f) Water Vapor Flux (kg/m). 

Characterization of Mode 1 of extreme streamflow events Verde River Basin 

The first mode of extreme streamflow events for the Verde River Basin accounts for 31.1 

percent of the variability for the data of extreme days. This mode is characterized by south 

southwesterly to westerly 500-mb winds and water vapor flux that have a much stronger 

zonal component than the other extreme events (Figures 25a and 25b). For this mode, both 

the precipitable water and the water vapor convergence are not as high as for the other 

extreme events (not shown). The first mode is a typical surface frontal storm associated 

with a low-pressure system, matching the results from the first two basins. The winds from 

the profiles are very similar to the results for the Salt and Santa Cruz basins, confirming the 

strong influence of frontal systems on high flow conditions along the three basins within the 

state. Weather conditions that led to flooding along the Verde River are illustrated Figure 26 

and the presence of the frontal system is shown.  Identified storms from the principal 

components have very similar features to the one that is shown. 

a  b  

Figure 24 a) Eigenvector of the First Mode for Verde River basin. b) Principal component timeseries 
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a  b  

Figure 25 Composite of the days where PC1 is above 1 standard deviation for a) 500-mb winds (m/s) and 
b) water vapor flux (kg/m).  
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Figure 26 Weather map for 11 January 1993, a day that clearly shows the characteristic pattern of Mode 
1. 

Characterization of Mode 2 of extreme streamflow events Verde River Basin 

The second mode of extreme streamflow events for the Verde River Basin accounts for 23.1 

percent of the variability for the data of extreme days. This mode is characterized by 

southwesterly 500-mb winds and southerly to southwesterly water vapor flux, with a 
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weaker zonal component for the winds and a significantly weaker component for the flux 

than the other extremes (Figures 28a and 28b). For this mode, the pressure over the region 

is higher than for the other extreme events (not shown). This mode is once again associated 

with upper level activity with main distinguishable feature being the presence of cut-off low 

pressure systems and troughs both at 500-mb (Figure 29).  From the map (Figure 29) the 

cut-off low is able to funnel warmer subtropical moisture into the region to bring large 

amounts of rainfall.  With the cut-off low pressure in place, it is also able to aid in moisture 

transport in the case of an atmospheric river.  An atmospheric river is a long, narrow air 

parcel with an abundance of moisture associated with it (Zhu and Newell, 1998).  With the 

low in the proper location, it would be able to steer the atmospheric river right to our study 

area potentially leading to the flooding conditions we are trying to forecast.  The 500-mb 

winds are slower due to the separation from the main jet stream due to the cut-off low. This 

causes the low to stay in a general location for an extended amount of time until another 

feature is able to displace it and cause it to be once again entrained into the main jet across 

the country.  The persistence of the low is able to push moisture into a similar location on 

land leading to longer periods of rainfall.   

a  b  

Figure 27 a) Eigenvector of the Second Mode for Verde River basin. b) Principal component timeseries 
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a  b  

Figure 28 Composite of the days where PC2 is above 1 standard deviation for a) 500-mb winds (m/s) and 
b) water vapor flux (kg/m).  
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Figure 29 Weather map for 18 January 1993, a day that clearly shows the characteristic pattern of Mode 
2. 
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DISCUSSION AND CONCLUSIONS 
 

The analysis of eleven hydroclimatologic variables and large-scale atmospheric patterns 

has shown that, as expected, low pressure, and high precipitable water are dominant 

characteristics of all precipitation leading to extreme flooding events in the basins 

considered in Arizona. Lower pressures in the northwest the state, along with higher 

precipitable water to the southwest of the basins are principal features associated with 

extreme flooding events. PCA analysis was used to characterize extreme events into 

dominant modes of variability.  Upper level zonal and meridional wind, and 

correspondingly the zonal and meridional water vapor flux clearly differentiate the 

dominant modes. Other variables such as soil moisture and relative humidity did not appear 

to be dominant factors.  

Not surprisingly, the leading modes of variability that characterize extreme events are 

very similar for the three basins. The two dominant modes that lead to extreme flooding 

events in the three Arizona basins are frontal patterns and upper level cut-off lows.  The 

findings presented here using an objectively-based PCA-based approach are in agreement 

with prior work that used more subjectively-based synoptic classifications (Maddox et al. 

1980, Hirschboeck 1987, Hirschboeck et al. 2000).  This work confirms temperance of the 

500-mb cut-off low and the presence of strong frontal systems as the principal synoptic-

scale meteorological features that drive cool season flooding in the state of Arizona. 

The first mode of variability for all three basins was characterized by more zonal 500-mb 

winds and water vapor fluxes than the mean flow, due to the passing of a strong frontal 
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system as seen in Figures 10, 18 and 26.  The mean winds for the region in the extreme 

events are from the southwest. The wind shift would be expected to become more zonal as 

the front approaches.  Associated with the front is usually an upper-level trough that 

facilitates moisture transport and instability. As further discussed in Maddox et al. (1980), 

the orientation of the upper air trough and ridge pattern can greatly impact the amount of 

precipitation a region receives.   

The second mode of variability is a cut-off low pressure system.  As discussed previously, a 

persistent cut-off low has the potential to produce large amounts of rain in a small area for 

multiple days in a row.  The winds of the second mode show a more meridional component, 

indicating the flow is coming more from the south rather than the southwest.  This change 

in flow is common for cut-off low pressure systems because they often become stationary 

off the California and northern Mexico coastlines bringing winds and moisture from the 

subtropical regions.  The change also occurs in the moisture flux as it takes on more of a 

meridional component that would indicate the flux is coming from the south rather than the 

southwest.  The shift in the winds, along with higher than normal precipitable water, leads 

to heavy precipitation.  Looking at other variables in the eigenvector analysis, it is evident 

that the precipitable water has a negative value for the two dominant modes of all three 

basins.  This indicates that, with respect to the other 62 extreme events, the two modes are 

not characterized by high precipitable water, as the other variables dominate, but still have 

above normal values with respect to the climatological mean as shown in Figures 6b, 14b 

and 22b.  However, when all days with extreme precipitation are considered, they all tend 

to have higher values of precipitable water.  This is also the case for the water vapor 

convergence and soil moisture, where the values are negative or slightly positive for the two 
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dominant modes.  The values during the extreme events are much higher than non-extreme 

days but are not well distinguished within the dominant modes of the extreme events. The 

combination of all of the variables is the crucial factor that leads to flooding.   

 Most of the extreme precipitation events in all three watersheds were likely caused by 

the same mid-latitude storms during the period of this study.  From Tables 2 (dates for 

Mode 1) and 3 (dates for Mode 2), the selected dates for each mode are identified to show 

whether the storm was flood causing in a single basin or in two or potentially all three 

basins of study. 

Number Santa Cruz Salt Verde 

1 1/29/1979 1/19/1979 1/19/1979 

2 1/28/1983 3/29/1979 3/29/1979 

3 2/6/1983 3/19/1983 2/20/1980 

4 2/4/1985 3/20/1983 12/1/1982 

5 2/12/1991 3/22/1983 12/23/1982 

6 3/2/1991 3/23/1983 2/7/1983 

7 2/18/1998 3/24/1983 12/26/1983 

8 11/6/2000 3/25/1983 3/2/1991 

9 11/7/2000 3/2/1991 3/4/1992 

10  2/14/1992 1/8/1993 

11  2/10/1993 1/11/1993 

12  2/15/1993 3/6/1995 

13  3/12/1995 3/29/1998 
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14  1/5/2005 12/30/2004 

15  2/13/2005 1/5/2005 

16   1/7/2008 

17   12/26/2008 

Table 2 indicates the selected dates for Mode 1 of the three basins. 

Number Santa Cruz Salt Verde 

1 12/8/1982 3/20/1983 1/19/1979 

2 12/9/1982 1/26/1985 2/12/1980 

3 12/10/1982 3/14/1985 2/13/1980 

4 1/5/1984 3/15/1985 3/13/1982 

5 1/6/1984 1/6/1991 12/8/1982 

6 2/12/1991 2/10/1993 12/9/1982 

7 12/23/1994 2/14/1993 12/10/1982 

8 12/26/1994 1/3/2005 2/7/1983 

9 11/4/2000 2/10/2005 3/2/1992 

10 11/7/2000 2/11/2005 3/3/1992 

11  2/13/2005 3/4/1992 

12  2/18/2005 1/15/1993 

13   1/19/1993 

14   1/26/2005 

15   2/10/2005 

Table 3 indicates the selected dates for Mode 2 of the three basins. 
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From Table 2 and 3, both multi-basin storms and single basins storms are being identified 

in the statistical analysis with the majority of the storms being multi-basin storms.  This 

makes sense given the large spatial extent of mid-latitude cyclones and the coherency of 

their precipitation across Arizona.  This precipitation feature is illustrated in the 

precipitation analysis of Figure 21 and can ultimately be viewed in any of the example maps 

presented (Figures 10, 13, 18, 26 and 29).  Frontal systems and cut-off lows are the 

dominant storm types are that have led to flooding in Arizona during the winter months.  

Atmospheric rivers (ARs) are a major feature that could lead to flooding in Arizona.  ARs are 

narrow bands of very moist air that deviate from the tropical region bringing an abundance 

of tropical moisture to mid-latitude regions. These plumes of moisture often have led to 

flooding along the west coast of the United States (Zhu and Newell, 1998; Ralph et al, 2004). 

Winter time storms associated with atmospheric rivers produce twice as much 

precipitation when they are associated with atmospheric rivers (Neiman et al., 2008b). 

While the majority of research on atmospheric rivers has been focused on the Western US, 

recent work has shown that these intense sources of moisture can penetrate inland and lead 

to heavy precipitation in Arizona (Rivera et al. 2011). When incorporating fronts they can 

lead to slowing or even staling of the atmospheric river over a region (Ralph et al., 2011). 

Our future work will focus on the link between the dominant patterns precipitation that 

lead to flooding, and AR events in the region. 

How can the results of this study be used to improve cool season flood forecasting?  As 

mentioned previously, currently in the NWS numerical weather prediction models and real-

time radar data are the sources of data that are used for forecasting floods.  In this study the 

most important variables that lead to cool season flooding conditions in Arizona were 
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examined.  By communicating the methodological approach developed here to forecasters 

at local WFOs and RFCS, region-specific climatologies of extreme event precipitations can be 

developed.  With the availability of high-resolution retrospective atmospheric reanalysis 

products like NARR, these climatologies can now be developed in objective way that 

considers the meteorological and hydrological factors that contribute to cool season 

flooding.  

In addition, new computer displays at local WFOs could be incorporated into AWIPS 

systems to show when conditions are likely for flooding, based on the key 

hydrometeorological variables related to flooding for any given region. For example, 

considering Arizona, a four panel display containing wind data, precipitable water, pressure 

regimes and convergence could all be displayed on a single screen based on data from the 

numerical models, giving the forecaster the ability to observe where the greatest threat for 

flooding would likely occur.  Other displays could implement all of the identified variables 

and overlay them on a map of the forecast area or County Warning Area (CWA), indicating 

areas that are prone to flooding.  These displays would be based on the information from 

the numerical models that can provide data many days in advance.  Once the dominant 

modes associated with extreme precipitation are determined, they can be used to 

objectively identify the potential for flooding in medium to long-range numerical weather 

prediction forecasts by projecting the relevant hydrometeorological variables onto the 

synoptic-patterns of the dominant flooding modes.  Figure 30 shows how this process 

would be completed using past weather data. 
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a 

Data for 9 December 1982 

(day that did fit the profile of Mode 2) 

b 

Data for 6 December 1994                            

(day that did NOT fit the profile of Mode 2) 

c  

Map of Conditions for 9 December 1982 Map of Conditions for 6 December 1994 
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D 

 

e 

Figure 30 presents the objective analysis of the project. Figure 30a) shows the EOF analysis Mode 2 Santa Cruz 
(from before). b) presents the analysis results for 9 December 1982, a day that was identifed as extreme for Mode 
2 c) shows the map for 6 Decmeber 1994, a day that was not extreme. d and e) shows the conditions for the 
selected days. 

Figure 30a presents the eigenvector of the second dominant mode for the Santa Cruz basin.  

December 9, 1982 scored high for this mode, indicating that the hydrometeorological variables 

for this day are representative of the characteristic pattern for mode 2. Consequently, the area 

averaged anomalies for each variable should resemble the eigenvector pattern (see Figure 30b 

and compare with Figure 30a). The correleation coefficient of the EOF vector and the anomaly 

vector for this date is 0.8653, indicating that they are very similar. On the other hand, December 

6, 1994 is not a representative day for this mode. Consequently the correlation coefficient of the 

EOF vector and the anomaly vector for this date is -.0489. 
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Given the high value for the December 9, 1982 date, a cut-off low would be expected as 

illustrated in Figure 30d whereas the other day would not have the features as shown in Figure 

30e. This process could potentially be done automatically in a software package, as a 

standard post-processing step to operational numerical weather prediction data provided 

by the National Center for Environmental Prediction to the local WFOs. By having this 

capability, the NWS could potentially increase the lead time for flood forecasting and in turn 

could help to save millions in damages and likely save lives. 
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APPENDIX A: DATES THAT WERE EXAMINED AS EXTREME DAYS 

Santa Cruz River Basin  Salt River Basin  Verde River Basin 

           

Month Day Year  Month Day Year  Month Day Year 

1 6 1979  1 15 1979  1 15 1979 

1 15 1979  1 16 1979  1 16 1979 

1 16 1979  1 17 1979  1 17 1979 

1 17 1979  1 18 1979  1 18 1979 

1 18 1979  1 19 1979  1 19 1979 

1 25 1979  3 27 1979  3 27 1979 

1 29 1979  3 28 1979  3 28 1979 

12 8 1982  3 29 1979  3 29 1979 

12 9 1982  1 29 1980  1 28 1980 

12 10 1982  1 30 1980  1 29 1980 

1 28 1983  2 14 1980  1 30 1980 

1 29 1983  2 15 1980  2 12 1980 

1 30 1983  2 17 1980  2 13 1980 

2 3 1983  2 18 1980  2 14 1980 

2 4 1983  2 19 1980  2 15 1980 

2 5 1983  2 20 1980  2 17 1980 

2 6 1983  2 21 1980  2 18 1980 

3 2 1983  2 10 1982  2 19 1980 

3 3 1983  2 11 1982  2 20 1980 

3 4 1983  3 11 1982  2 21 1980 

1 5 1984  3 12 1982  3 11 1982 

1 6 1984  3 18 1983  3 12 1982 

12 11 1984  3 19 1983  3 13 1982 

12 12 1984  3 20 1983  3 15 1982 

12 13 1984  3 22 1983  11 29 1982 

12 27 1984  3 23 1983  11 30 1982 

12 28 1984  3 24 1983  12 1 1982 

1 23 1985  3 25 1983  12 8 1982 

1 24 1985  12 27 1984  12 9 1982 

1 26 1985  12 28 1984  12 10 1982 

2 3 1985  1 26 1985  12 22 1982 

2 4 1985  3 12 1985  12 23 1982 

2 4 1991  3 14 1985  2 7 1983 

2 28 1991  3 15 1985  3 2 1983 

3 1 1991  12 28 1990  3 3 1983 
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3 2 1991  1 4 1991  3 4 1983 

1 6 1993  1 5 1991  12 25 1983 

1 7 1993  1 6 1991  12 26 1983 

1 8 1993  2 28 1991  12 27 1984 

1 10 1993  3 1 1991  12 28 1984 

1 11 1993  3 2 1991  11 1 1987 

1 17 1993  2 10 1992  2 1 1988 

1 18 1993  2 11 1992  2 2 1988 

1 19 1993  2 12 1992  2 3 1988 

11 10 1994  2 13 1992  2 28 1991 

11 11 1994  2 14 1992  3 1 1991 

11 12 1994  12 28 1992  3 2 1991 

12 5 1994  12 29 1992  2 13 1992 

12 6 1994  1 6 1993  3 2 1992 

12 23 1994  1 7 1993  3 3 1992 

12 25 1994  1 8 1993  3 4 1992 

12 26 1994  1 10 1993  12 28 1992 

1 4 1995  1 11 1993  1 6 1993 

1 5 1995  1 13 1993  1 7 1993 

2 13 1995  1 14 1993  1 8 1993 

2 14 1995  1 15 1993  1 10 1993 

2 15 1995  1 16 1993  1 11 1993 

2 15 1998  1 17 1993  1 13 1993 

2 17 1998  1 18 1993  1 14 1993 

2 18 1998  1 19 1993  1 15 1993 

11 4 2000  2 8 1993  1 16 1993 

11 6 2000  2 9 1993  1 17 1993 

11 7 2000  2 10 1993  1 18 1993 

    2 14 1993  1 19 1993 

    2 15 1993  2 8 1993 

    2 19 1993  2 9 1993 

    2 20 1993  2 19 1993 

    11 11 1994  2 20 1993 

    11 12 1994  2 13 1995 

    1 4 1995  2 14 1995 

    1 5 1995  2 15 1995 

    2 13 1995  3 5 1995 

    2 14 1995  3 6 1995 

    2 15 1995  3 26 1998 

    3 6 1995  3 28 1998 
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    3 11 1995  3 29 1998 

    3 12 1995  12 29 2004 

    1 3 2005  12 30 2004 

    1 4 2005  1 3 2005 

    1 5 2005  1 4 2005 

    2 10 2005  1 5 2005 

    2 11 2005  1 11 2005 

    2 12 2005  1 26 2005 

    2 13 2005  1 27 2005 

    2 18 2005  2 10 2005 

    2 19 2005  2 11 2005 

    2 20 2005  2 18 2005 

    2 22 2005  2 19 2005 

    12 8 2007  2 20 2005 

    1 6 2008  2 22 2005 

    1 7 2008  11 30 2007 

    1 27 2008  12 1 2007 

    1 28 2008  12 7 2007 

    12 26 2008  12 8 2007 

        1 5 2008 

        1 6 2008 

        1 7 2008 

        1 27 2008 

        1 28 2008 

        12 25 2008 

        12 26 2008 
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